The in vivo response of adult northern quahogs, Mercenaria mercenaria, to Aureococcus anophagefferens (brown tide) at the level of the gill was determined using video-endoscopy. Feeding activity, particle-approach velocities, and ventral-groove-transport velocities were documented after the quahogs were exposed to Isochryis galbana (baseline observations)
Introduction
Blooms of the picoplanktonic alga Aureococcus anophagefferens Hargraves and Sieburth (Sieburth et al., 1988) (Pelagophyceae), commonly referred to as brown tide, have occurred intermittently since 1985 in mid-Atlantic bays of the United States and recurred at high densities in Long Island, New York, south shore estuaries in and 2008 (Bricelj, 2009 . In these estuaries brown tides typically develop in late May, attaining peak densities of up to 3 ϫ 10 6 cells ml -1 in June or July, and diminish in late summer, with a second smaller bloom often occurring in early fall (Bricelj and Lonsdale, 1997; Gobler et al., 2005) . To date, A. anophagefferens has been detected in low cell densities along the east coast of the United States from Maine to Florida (Popels et al., 2003) and in Saldaha Bay, South Africa (Probyn et al., 2001) .
Aureococcus anophagefferens causes severe, density-dependent growth inhibition, mass mortalities, recruitment failure, and reduced clearance rates of commercially important, suspension-feeding bivalves occurring in these shallow bays, including blue mussels, Mytilus edulis; northern quahogs (ϭ hard clams), Mercenaria mercenaria; and bay scallops, Argopecten irradians (reviewed by Bricelj and Lonsdale, 1997; Gobler et al., 2005) . Reduced growth and loss of tissue weight in juvenile M. mercenaria was reported both in the laboratory (Bricelj et al., 2004) and in the field (Greenfield and Lonsdale, 2002; Caron et al., 2004; Wazniak and Glibert, 2004) . Concentration-dependent reduction in shell growth and arrested development were also documented for larvae of A. irradians (Gallager et al., 1989) and M. mercenaria exposed to A. anophagefferens cultures (Bricelj and MacQuarrie, 2007) .
The deleterious effects associated with toxic brown tide are attributed to cessation of feeding leading to starvation in bivalves. Blooms of picoplankters (Ϸ0.2 to 2 m in cell size) can adversely affect juvenile and adult bivalves due to low retention efficiency for these small cells (Riisgård, 1988) . However, clearance rates are 10-fold lower in mussels when fed A. anophagefferens as compared to clay particles of the same density and size (Tracey, 1988) , and bivalves fed this alga have relatively high absorption efficiencies, comparable to those for other microalgae that support good growth (Bricelj and Kuenster, 1989) . Furthermore, the presence of a good alternate food source in mixed suspensions does not alleviate the adverse effects of brown tide on larval or juvenile bivalves (Tracey, 1988; Gallager et al., 1989; Bricelj et al., 2001 Bricelj et al., , 2004 Bricelj and MacQuarrie, 2007) .
Discovery of morphologically identical toxic and nontoxic strains of A. anophagefferens led to the finding that a nontoxic strain supported good growth of M. mercenaria planktonic veligers and juveniles, whereas a toxic one suppressed growth at high densities (Bricelj et al., 2001) . These results demonstrated that toxicity rather than nutritional deficiency, small size, or poor digestibility was the major factor responsible for the adverse effects documented. Identification of the nontoxic strain has also been instrumental in studying the effects of toxic brown tide by providing a morphologically comparable control, thus eliminating size and density as confounding factors in feeding and growth studies.
The toxic compound produced by A. anophagefferens has not been chemically characterized, and its mechanism of action remains unclear. The adverse effects associated with brown tide require direct contact between the gills and A. anophagefferens cells (Ward and Targett, 1989) . The bioactive compound produced has been localized in the exopolymer, polysaccharide layer of these cells because carbohydrase digestion of this layer releases the toxic metabolite into the surrounding medium (Gainey and Shumway, 1991) . In vitro studies using excised gills showed that inhibition of bivalve feeding caused by A. anophagefferens is a result of reduced beating of the lateral cilia of the gill in some species (Gainey and Shumway, 1991) . A. anophagefferens inhibited the activity of lateral cilia in M. mercenaria, the oysters Crassostrea virginica and Ostrea edulis, and the mussels Modiolus modiolus and Mytilus edulis, but produced no detectable effect on A. irradians, the ribbed mussel Geukensia demissa, or the soft shell clam Mya arenaria (Gainey and Shumway, 1991) . It remains to be explained why the effects of brown tide are species-specific, and why it elicits adverse effects in vivo but not in vitro in some bivalve species (e.g., bay scallops) (Gainey and Shumway, 1991; Bricelj and Lonsdale, 1997) . The neurotransmitters dopamine (DA) and serotonin (5HT) are well known to control lateral-cilia activity in bivalves via inhibition and stimulation respectively (Aiello, 1960; Smith, 1982; Catapane, 1983; Paparo, 1985; Gainey et al., 1999) . The inhibitory effect of brown tide on the lateral cilia in sensitive species was attributed to a DA-mimetic compound because of the similarity of action of the alga to exogenously applied DA (Gainey and Shumway, 1991) .
The eulamellibranch gills of M. mercenaria, the species targeted by this study, are homorhabdic and plicate-that is, the gills are composed of only one type of gill filament, and adjacent filaments are connected by tissue junctions and interlamellar septa, creating plicae or folds. Particle capture and transport by the bivalve gill results from coordinated activity of several tracts of cilia and the gill musculature. The generation of water currents through the pallial cavity is controlled by the activity of the lateral cilia of the gills (Jørgensen, 1966; Paparo, 1988) . This current draws particles toward the frontal surface of the gill. Changes in valve gape and inhalant-aperture opening can affect the rate at which particles are captured by the gill (Jørgensen and Riisgård, 1988; Riisgård et al., 2003) . The spacing of the gill filaments, the shape of the plicae, and the cross-sectional area of the water tubes are controlled by the branchial musculature and also affect particle capture by modifying flow through the pallial cavity (Medler and Silverman, 2001; . Particles that are captured by the gill are directed laterally onto the filaments by the laterofrontal cilia or cirri (Riisgård et al., 1996; Silverman et al., 1996 Silverman et al., , 1999 Silverman et al., , 2000 Ward et al., 1998) , where the frontal cilia retain and transport particles along the filaments to the gill margins (Atkins, 1937; Ward, 1996) . In the case of quahogs, and many other bivalves with eulamellibranch homorhabdic gills, much of the captured material is transported to the ventral groove (VG; Atkins, 1937; Beninger et al., 1997) . Ciliary action along the groove transports particles incorporated in mucus toward the labial palps, which process the material and direct it to the mouth for ingestion.
The goal of the present study was to examine, using video-endoscopy, the time-and density-dependent in vivo response of adult northern quahogs, M. mercenaria, to A. anophagefferens at the level of the gills. Application of video-endoscopy to study the effects of harmful algae on suspension-feeding bivalves has been limited to date (Bricelj et al., 1998; Mafra et al., 2009 ) and has not previously been attempted with brown tide. This technique has been used extensively, however, for the in vivo observation of bivalve feeding on nontoxic algae (Ward et al., 1991 (Ward et al., , 1993 (Ward et al., , 1994 (Ward et al., , 2003 Richoux and Thompson, 2001 ). Videoendoscopy allows for the study of whole, intact pallial organs with minimal disturbance, thus avoiding artifacts caused by surgical manipulation. Observations of the gill musculature and flow through the pallial cavity of M. mer-cenaria were used in this study to investigate the effect of brown tide on the feeding functions of the gill. The gill cilia are below the limit of resolution of the endoscope, so quantification of particle-approach velocities and particletransport velocities in the VG of the gill were used as proxies to infer the effects of A. anophagefferens on gill ciliary activity. These direct observations of live specimens will help further elucidate the mechanism of action of brown tide in this and other bivalve species.
Materials and Methods

Collection, preparation, and maintenance of animals
Adult Mercenaria mercenaria (mean shell length, L ϭ 78.6 mm Ϯ 5.5 mm standard deviation, SD) were obtained from natural populations in St. Mary's Bay and Melmerby Bay, Nova Scotia, Canada, which have no history of exposure to brown tide. Quahogs were prepared for observation by carefully notching two locations in the outer shell (notches ϭ 5 mm in length, one posterior and one anterior to the mid ventral line) to allow for insertion of the optical tube of the endoscope. Animals were allowed to recover from this manipulation and acclimate for 2 weeks in a flow-through raceway held at 20°C. They received ambient incoming seawater continuously supplemented by dripfeeding a mixture of Isochrysis galbana, strain T-Iso, Provasoli-Guillard National Center for Culture of Marine Phytoplankton (CCMP 1324), and Pavlova pinguis (CCMP 609). Algae used during acclimation were mass-cultured semi-continuously in 200-l photobioreactors. I. galbana used during experiments was batch-cultured in 20-l carboys at 20°C under continuous light.
Culture of Aureococcus anophagefferens
During the experiments quahogs were exposed to one of two strains of Aureococcus anophagefferens: (1) toxic strain CCMP 1708 isolated from West Neck Bay, Long Island, New York, in 1995, or (2) the nontoxic strain CCMP 1784 isolated from Great South Bay, Long Island, New York, in 1986, which was toxic early on but lost its toxicity after about a decade in culture (Bricelj et al., 2004) . The two A. anophagefferens isolates were batch-cultured non-axenically in autoclaved, 0.22-m-cartridge-filtered seawater in 20-l, aerated plastic carboys at 20°C, a salinity of 30, and a 14:10 light/dark cycle. The two strains were grown in modified f/2 medium (without silicate) as previously described by Bricelj et al. (2001) . They were harvested during the late exponential or early stationary growth phase, 13 to 16 d after inoculation, when cultures attained a density of Ϸ20 ϫ 10 6 cells ml -1 . A month prior to the endoscopy trials, the toxicity of the cultures was assessed using a well-established mussel-feeding bioassay that tests the effect of brown tide on clearance rate (CR, volume of water cleared of particles per unit time) of juvenile mussels, Mytilus edulis (Bricelj et al., 2001) . The toxic strain (CCMP 1708) caused a mean reduction in CR of 81.9% Ϯ 2.6% standard error (SE) relative to the control alga I. galbana, whereas the nontoxic strain (CCMP 1784) yielded a 33.4% Ϯ 19.1% SE increase in CR relative to I. galbana.
Experimental design
Quahog feeding behavior was studied with endoscopy and video image analysis following previously described methods (Ward et al., 1991 (Ward et al., , 1994 . Briefly, the endoscope with an optical insertion tube (OIT; 1.7-mm diameter, Olympus Corp.) was attached to a color, charge-coupled device (CCD) video camera via an optical zoom adaptor (maximum magnification Ϸ150ϫ, resolution 3-5 m). The camera and endoscope were mounted on a micromanipulator, and color video images were saved on an 8-mm videocassette recorder (Hi8, Sony) connected to a video monitor.
For endoscopic observations quahogs were held without sediment in 0.22-m-cartridge-filtered seawater in an aerated plastic container (1.2-l capacity) and set in their normal vertical feeding position on custom-made stands (Fig. 1 ). Containers were placed within a 10-l bucket containing water at 20 to 22°C. A suspension of I. galbana (strain T-Iso) was continuously delivered into the container, maintaining a concentration of 5 ϫ 10 4 cells ml -1 , with a peristaltic pump (Masterflex, L/S Digital Standard Drive) from a carboy in an adjacent, temperature-controlled incubator. The OIT was inserted through one of the two notches in the quahog shell until the gill frontal surface and ventral margin could both be visualized (Fig. 2 ). Quahogs were allowed to acclimate to the OIT until their valves were open and siphons extended (t ϭ 0) (Fig. 1) . Video recordings were taken after 25 min and 35 min of feeding on I. galbana to establish that animals were feeding normally (gill in a relatively undisturbed, relaxed position; particles entering the pallial cavity with the incoming flow and being transported along the frontal surface and into and along the VG) and to obtain baseline data. Individuals were then exposed to mixed suspensions of either toxic or nontoxic A. anophagefferens at bloom concentrations of either 8 ϫ 10 5 cells ml -1 or 2 ϫ 10 6 cells ml -1 , supplemented with 5 ϫ10 4 cells ml -1 I. galbana. Cell densities were determined with an electronic particle counter (Multisizer 3, Beckman-Coulter) fitted with a 50-m aperture tube. Quahogs (n ϭ 3 to 4 per diet treatment) were exposed to brown tide cells for 1 to 2 h depending on response, and video recordings of observations were taken every 15 min. One additional recording was made within the first 15 min (at Ϸ2 to 8 min) of exposure to toxic brown tide at 2 ϫ 10 6 cells ml -1 . Observations of the frontal surfaces of the gill lamellae and the ventral margin of the demibranchs (fs and VG respectively in Fig. 2 ) were made to allow subsequent calculation of the velocities at which particles approached the gill and were transported along the VG, respectively. All results are based on the endoscopic observation of three replicate quahogs for each diet treatment at 8 ϫ 10 5 cells ml -1 and four quahogs per diet at 2 ϫ 10 6 cells ml -1 .
Video analysis
Observations of muscular contractions of the gill and inhalant flow disruptions (i.e., cessation, flow reversal, or both) were noted. These effects were quantified by determining the time at which the reaction first occurred (onset); the number of reactions over the experimental period (frequency); and in the case of flow disruption, the duration of the event (expressed as a percentage of the total observation period).
Two types of tracer particles were added during the experiments to allow visualization of particle transport and flow characteristics (Ward et al., 1991 (Ward et al., , 1994 . This addition was necessary because the size of A. anophagefferens (2 m in mean equivalent spherical diameter) is below the limit of resolution of the endoscope (3 to 5 m). Yellow polystyrene microspheres (diameter 10 to 20 m, Polysciences Inc.) were added dropwise, as needed, above the inhalant siphon of the quahog during recording. Reflective red plastic particles (diameter 4 to 7 m) were also added to the prepared algal suspensions at a concentration of Ϸ2000 particles ml -1 . Particle velocities were determined by counting the number of frames required for a particle to traverse a known distance just above the frontal surface of a gill lamella and in the VG at a recording speed of 30 frames s -1 [National Television System Committee (NTSC) format]. Distances were based on the size of anatomical structures appearing in digitized images. They were calibrated by isolating the gills of two quahogs and measuring the width of the individual ordinary filaments (Fig. 2, of) , both near and away from the VG, and the distance between plicae, at the crest and trough, using a dissecting microscope and ocular micrometer. Particle-approach velocity could be estimated because the approach vectors were largely in two dimensions (anteriorly and laterally; Ward et al., 1998) . Although there was some error associated with particles "wandering" in the third dimension, this movement was Video-endoscope micrographs of one demibranch of a representative adult northern quahog, Mercenaria mercenaria, feeding on (A) nontoxic Aureococcus anophagefferens (CCMP 1784) and (B) toxic A. anophagefferens for Ϸ1 h at 8 ϫ 10 5 cells ml -1 . Note the high particle loading-that is, presence of algae densely packed in mucus on the frontal surface of the gill (fs), and in the ventral groove (VG, indicated by the arrow) of the quahog feeding on nontoxic A anophagefferens (A), compared to that feeding on toxic A. anophagefferens (B); of ϭ ordinary filament (groups of these filaments form the gill folds or plicae). The horizontal scale bar equals ca. 285 m in the foreground; both panels are at the same magnification. small compared to the other two approach vectors. Approach velocities were calculated primarily on the basis of the movement of polystyrene microspheres. Because of the small diameter (10 to 20 m) and low relative density (specific gravity ϭ 1.05) of the particles, their measured velocities were essentially equivalent to flow speeds through the pallial cavity. From 2 to 21 velocity determinations (depending on feeding activity) were made per individual at each observation time (ca. 3 to 8 min of video recordings), and averaged to obtain a mean value for each velocity determination.
Statistical analysis
Data for muscular contractions of the gill and inhalant flow disruptions were highly variable, resulting in severe departures from normality and homoscedasticity. Therefore, nonparametric Kruskal-Wallis tests were used to compare results within each quahog-response category across treatment (toxic or nontoxic brown tide) and concentration (8 ϫ 10 5 or 2 ϫ 10 6 cells ml -1 ). Nonparametric post hoc tests were then used to make pairwise comparisons among the means (Zar, 1984) .
For velocity measurements, the experimental design included repeated observations of individual quahogs over time, necessitating repeated-measures statistical procedures. Particle-approach velocities and VG velocities were compared between toxic and nontoxic brown tide treatments for each of the two concentrations. To account for inherent differences between quahogs, data were normalized to the percentage of the initial velocity of the individual fed a unialgal suspension of I. galbana (t ϭ 0). Data were arcsine-transformed to improve normality and homoscedasticity (Zar, 1984) . A two-way repeated-measures analysis of variance (ANOVAR) was used, with time as the withinsubjects factor (repeated), and brown tide strain (toxic or nontoxic) as the between-subjects factor. Only univariate analyses were performed because the total number of replicates was less than the total number of levels of the repeated factor (time), thus precluding multivariate analysis. Homogeneity of the within-subject analysis was evaluated using Greenhouse-Geisser's (G-G) and Huynh-Feldt's (H-F) epsilon indices (for repeated measures; LaTour and Miniard, 1983) . The G-G and H-F corrected significance levels were used when departures from the homogeneity assumption were violated (Systat 11, 2004) . When the interaction effects of the two-way ANOVAR were found to be significant, one-way ANOVAR tests were performed, a posteriori, for each treatment. For the experiments run at 8 ϫ 10 5 cells ml -1 , particle-approach velocity was analyzed between 0 and 90 min, and VG velocity between 0 and 105 min. For the experiments run at 2 ϫ 10 6 cells ml -1 , approach velocity and VG velocity were analyzed between 0 and 60 min. Finally, VG-transport velocities of quahogs exposed to the low concentration of A. anophagefferens were further analyzed using paired Student's t-tests. Within each treatment (toxic or nontoxic brown tide), averaged data for the first two-thirds of the experiment were compared with those of the last one-third of the experiment.
Results
Observations of feeding and effects on the gill musculature and inhalant flow
None of the treatments showed any external evidence of adverse effect by toxic brown tide on quahog feeding behavior, as all individuals remained open, with extended, dilated siphons and flared sensory tentacles, throughout the observation period (Fig. 1) . Observations of the gills showed that quahogs readily fed on the unialgal diet of Isochrysis galbana as well as the diets that included nontoxic brown tide ( Fig. 2A) , with no discernible differences in feeding behavior. In contrast, the gills of quahogs feeding on toxic brown tide showed a decrease in particle loading in the pallial cavity (generally reflected in visibly fewer particles within the incoming feeding current) and on the gills (evidenced by reduced particulate material captured on the frontal surface and transported in the ventral groove [VG; Fig. 2B] ). Quahogs exposed to both toxic brown-tide concentrations demonstrated sporadic muscular contractions that occurred at an average frequency of 11 min -1 (Table 1) . These anterio-posterior contractions involved the entire gill musculature. Intermittent cessation of the flow within the pallial cavity was also observed in quahogs exposed to toxic brown tide (Table 2 ). The observed effects of toxic brown tide were variable between individual quahogs at each concentration tested, but occurred earlier in the 2 ϫ 10 6 cells ml -1 treatment. The first visible effect (gill contractions) occurred after 2 to 30 min of exposure to the higher browntide concentration and after 15 to 60 min of exposure to the lower brown-tide concentration (Table 2) . In all cases, however, the frequency of gill contractions and frequency, duration, and percentage of time that inhalant flow was disrupted were not significantly different between quahogs exposed to toxic brown tide at 8 ϫ 10 5 and 2 ϫ 10 6 cells ml -1 (P Ͼ 0.05) ( Table 1 ). Quahogs exposed to nontoxic brown tide exhibited none of the above listed effects, and at both concentrations all of the response variables were statistically different from those of quahogs exposed to the toxic brown-tide treatment (P Յ 0.01) ( Table 1) .
Particle-approach velocities
The mean velocities at which particles approached the gill of individual quahogs ranged from 1321 to 3598 m s -1 and are expressed as a percentage of the initial approach velocity of each quahog feeding on the unialgal diet of I. galbana (Fig. 3) . Absolute approach velocities were similar to those measured in other bivalves (Ward, 1996; . At a concentration of 8 ϫ 10 5 cells ml -1 , there was no significant treatment effect (toxic vs. nontoxic brown tide) on particle-approach velocities (two-way ANOVAR; P ϭ 0.99; Fig. 3A ). There was a significant time effect (P Յ 0.01), as velocities decreased and then increased slightly over time, and no significant time by treatment interaction effect (P ϭ 0.86). At a concentration of 2 ϫ 10 6 cells ml -1 , approach velocities in quahogs fed a diet of toxic browntide cells differed significantly from those fed nontoxic cells (two-way ANOVAR, P Յ 0.05; Fig. 3B ). After 1 h of exposure, the mean velocity in quahogs delivered toxic brown tide was 34% lower than that of quahogs delivered nontoxic brown tide. There were also significant time, and time by treatment interaction effects on approach velocities (P Յ 0.01). Post hoc analysis with one-way ANOVAR tests confirmed that at a concentration of 2 ϫ 10 6 cells ml -1 , approach velocities in quahogs exposed to toxic brown tide decreased significantly over time (P Յ 0.01), whereas velocities in quahogs delivered nontoxic brown tide did not change (P ϭ 0.32).
Ventral-groove-transport velocities
The mean velocities at which particles were transported along the VG of individual quahogs ranged from 309 to 705 m s -1 , and are expressed as a percentage of the initial transport velocity of each quahog feeding on the unialgal diet of I. galbana (Fig. 4) . Absolute velocities were similar to those measured in other bivalves (Ward, 1996) . At a concentration of 8 ϫ 10 5 cells ml -1 , there was no significant treatment effect (toxic vs. nontoxic brown tide) on VGtransport velocities (two-way ANOVAR, P ϭ 0.84; Fig.  4A ), and no significant time (P ϭ 0.10), or time by treatment interaction effects (P ϭ 0.60). Time-averaged velocities in the VG of quahogs during the early portion of the experiment (t ϭ 15 to 75 min) were, however, significantly higher than time-averaged VG velocities during the later portion of the experiment (t ϭ 90 to 120 min; paired t-test, P Յ 0.05). No such difference was detected in the nontoxic treatment (P ϭ 0.42; Fig. 5 ). At a concentration of 2 ϫ 10 6 cells ml -1 , transport velocities in the VG of quahogs fed a diet of toxic brown-tide cells differed significantly from Note: Effects observed included muscular contractions of the gill and disruptions of water flow through the pallial cavity (cessation and flow reversals), and were quantified over the entire experimental period. For each individual, the time at which the effects were first observed, as well as the frequency (events per minute) and duration of the event are provided. The percent of time during the observation period that flow was disrupted is also indicated. those fed nontoxic cells (two-way ANOVAR, P Յ 0.01; Fig. 4B ). After 1 h of exposure, the mean velocity in quahogs delivered toxic brown tide was 40% lower than that of quahogs delivered nontoxic brown tide. There were also significant time (P Յ 0.01) and time by treatment interaction effects on these transport velocities (P Յ 0.01). Post hoc analysis with one-way ANOVAR tests confirmed that at a concentration of 2 ϫ 10 6 cells ml -1 , transport velocities in the VG of quahogs exposed to toxic brown tide decreased significantly over time (P Յ 0.01), whereas transport velocities in quahogs delivered nontoxic brown tide did not change (P ϭ 0.46).
Discussion
This study examines, for the first time, the in vivo effects of bloom concentrations of both toxic and nontoxic Aureococcus anophagefferens on feeding behavior and particle transport in adult Mercenaria mercenaria. It demonstrates that the effects observed can be clearly attributed to cellular toxicity of A. anophagefferens, as exposure of quahogs to nontoxic brown tide did not elicit the effects observed during exposure to toxic brown tide at either treatment concentration.
Effects of brown tide on gill musculature
Quahogs exposed to toxic A. anophagefferens at both test concentrations experienced intermittent muscular contractions of the gill, a response that was apparent earlier in specimens exposed to 2 ϫ 10 6 cells ml -1 of toxic A. anophagefferens (2-30 min) than in those exposed to the lower concentration (12-60 min), although there was no statistical difference in the magnitude of response between the two Figure 3 . The velocity at which particles approach the gill in adult northern quahogs, Mercenaria mercenaria, exposed to suspensions containing nontoxic and toxic strains of Aureococcus anophagefferens. Quahogs were exposed to a concentration of either 8 ϫ 10 5 cells ml -1 (n ϭ 3 quahogs per diet, except at time points where n ϭ 2 is indicated) (A), or 2 ϫ 10 6 cells ml -1 (n ϭ 4 per diet) (B). Velocities are expressed as the percentage of the initial velocity measured in quahogs fed a unialgal suspension of Isochrysis galbana. Significant differences between treatments over the exposure period are indicated (*, P Յ 0.05). Particle velocities are means Ϯ SE. . Ventral-groove transport velocities of adult northern quahogs, Mercenaria mercenaria, exposed to suspensions containing nontoxic and toxic strains of Aureococcus anophagefferens. Quahogs were exposed to a concentration of either 8 ϫ 10 5 cells ml -1 (n ϭ 3 per diet, except at the time point where n ϭ 2 is indicated) (A), or 2 ϫ 10 6 cells ml -1 (n ϭ 4) (B). Velocities are expressed as the percentage of the initial velocity of quahogs fed a unialgal suspension of Isochrysis galbana. Significant differences between treatments over the exposure period are indicated (*, P Յ 0.05). Particle velocities are means Ϯ SE.
treatments. These effects were not observed in quahogs exposed to nontoxic brown tide at either test concentration, or during baseline observations of feeding on the unialgal diet of strain T-Iso. These observations show for the first time that the gill musculature of M. mercenaria is sensitive to the effects of toxic brown tide. It was previously shown in M. mercenaria that induced muscular contractions of the gill inhibit particle clearance because the strength of the muscle contractions counteracts the activity of the gill lateral cilia (Gainey, 2007) . Therefore, uncontrolled gill muscular contractions may provide an additional explanation for the cessation of feeding and subsequent starvation associated with bivalves exposed to toxic brown tides.
Effects of brown tide on gill-particle transport and ciliary function
There was a significant reduction in particle velocities, both approaching the frontal surface of the gill (34%) and in the VG (40%), during exposure to A. anophagefferens at the higher test concentration of 2 ϫ 10 6 cells ml -1 . No significant difference in particle-approach velocities was found, however, in quahogs exposed to toxic A. anophagefferens at 8 ϫ 10 5 cells ml -1 relative to those fed the same density of nontoxic cells. This outcome could have been due to the limited data available at later exposure times for the lower density treatment (105 and 120 min), and the high variability in the response among quahogs. A decline in VGtransport velocities in the 8 ϫ 10 5 cells ml -1 toxic A. anophagefferens treatment could only be confirmed statistically when data were averaged and compared, a posteriori, between early and late exposure periods. It is likely that longer treatment with the low-density brown tide may have eventually elicited the same effects observed in the highdensity treatment, as evidenced by the significant decrease in the time-averaged VG velocity after 75 min of exposure to toxic A. anophagefferens at 8 ϫ 10 5 cells ml -1 . Additional support for this contention is derived from Gainey and Shumway (1991) , who found a 5% reduction in lateral ciliary beat rate of excised gills exposed to 1 ϫ 10 6 cells ml -1 A. anophagefferens after 1 h of exposure, but a 68% reduction after 6 h. The present study also demonstrated that higher brown tide density (2 ϫ 10 6 cells ml -1 ) elicited a significant effect of time of exposure on the decrease of approach velocities on the gill frontal surface and particletransport velocities in the VG. Taken together, these studies suggest that as M. mercenaria are exposed to increasing concentrations of A. anophagefferens, the magnitude of this alga's effect on gill ciliary activity becomes greater over shorter exposure times in a dose-dependent manner.
Despite the absence of a detectable effect on particleapproach velocities in quahogs exposed to toxic A. anophagefferens at 8 ϫ 10 5 cells ml -1 , M. mercenaria exhibited similar effects of reduced particle loading on the frontal surface of the gill and in the VG, as well as significant increases in the frequency and duration of flow disruption at both test concentrations of toxic A. anophagefferens. These results can be attributed to the effects of toxic brown tide on the gill cilia and could be a consequence of inhibition of the lateral cilia and thus inhalant flow, inhibition of the laterofrontal cirri and thus particle capture, inhibition of the frontal cilia and thus ventral transport, or some combination of these. The size limit of resolution of the endoscope did not allow observation of the activity of the individual sets of cilia to discriminate between these effects. Overall, our results confirm that toxic brown tide causes progressive inhibition and cessation in quahog feeding, as reflected in reduced particle loading and transport, and show that these effects result from reduced activity of the gill cilia, which is likely potentiated by the gill musculature contractions discussed above.
Evidence for a neurotransmitter-like action of toxic Aureococcus anophagefferens
The in vivo effects of brown tide observed in this study provide additional information about the neurotoxic factor produced by A. anophagefferens. Brown tide inhibits the beating of the lateral cilia of the gill, in vitro, in the same bivalve species that are susceptible to this inhibition by exogenous application of dopamine (DA) (Gainey and Shumway, 1991) . Whereas DA inhibits clearance in excised gills of M. mercenaria by inhibition of lateral-cilia activity (Gainey, 2007) , serotonin (5HT) has a biphasic effect on clearance in this species, with low doses enhancing clear- ance by stimulation of the cilia and higher doses inhibiting clearance by stimulation of gill musculature (Gainey, 2007) .
Results of the present study, including the reduced particle-approach velocities and decreased particle loading on the frontal surface and VG of the gill after exposure to toxic brown tide, provide added support for a DA-mimetic, toxic component in A. anophagefferens, as suggested by Gainey and Shumway (1991) . Inhibition of the activity of lateral cilia would not only reduce the velocity at which particles are transported into the pallial cavity but would also decrease the number of particles captured per unit time, even if the activity of these cilia was only inhibited intermittently.
Brown tide had not previously been known to affect the gill musculature. The geometric properties of the gill are controlled by two distinct domains of the branchial muscles, which are stimulated to contract by 5HT, DA, and acetylcholine (ACh) . These muscles are associated with nerve fibers immunoreactive only to 5HT, so it is hypothesized that DA and ACh stimulate the release of 5HT from serotonergic motor neurons at neuromuscular junctions, causing gill muscle contraction . Gill muscle contraction is potentiated by repeated application of the same agonist, with subsequent contractions becoming larger , providing a possible explanation for the greater response observed in quahogs exposed to A. anophagefferens cells at 2 ϫ 10 6 cells ml -1 relative to those exposed to 8 ϫ 10 5 cells ml -1 . A dopaminergic effect of brown tide, acting indirectly through its effect on serotonergic motor neurons, could be the source of the muscular contractions observed in our study. However, we cannot entirely rule out the possibility that a serotonergic factor associated with toxic A. anophagefferens was responsible for the observed muscle contractions of the gill. Additional work to determine the ability of a 5HT antagonist to block the negative effects of brown tide would be required to conclusively eliminate this hypothesis. Other neurotransmitters and peptides tested to date have not shown effects on the gill musculature, with the exception of ACh, which has a dual effect, causing muscle contraction by stimulating the release of 5HT and muscle relaxation in the presence of a 5HT antagonist and cholinesterase inhibitor . Since these substances have failed to elicit the effects demonstrated by brown tide, they are unlikely candidates for the toxic factor in A. anophagefferens.
Ecological significance of results
This study showed no significant effect of toxic brown tide at a concentration of 8 ϫ 10 5 cells ml -1 on particleapproach velocities in adult quahogs, although it is well established that A. anophagefferens adversely affects growth and survival of larval and juvenile M. mercenaria at cell densities Ն 1 ϫ 10 5 to 4 ϫ 10 5 (Greenfield and Lonsdale, 2002; Bricelj et al., 2004; Wazniak and Glibert, 2004; Bricelj and MacQuarrie, 2007; Bricelj, 2009) . The current study, however, was conducted with adult quahogs, which are less vulnerable than larvae and juveniles to the effects of brown tide (Bricelj, 2009) ; and it was completed in July, when clearance by isolated quahog gills is less susceptible to the effects of both DA and 5HT (Gainey, 2007) . Moreover, this study demonstrated that the effects of brown tide on ciliary activity of the gill are both densityand time-dependent. It is therefore important to evaluate the potential effects of time, concentration, and even season on the results reported in previous studies. For example, excised gills of A. irradians were not affected by A. anophagefferens or exogenous application of DA, but brown tide causes growth inhibition and recruitment failure of natural populations (Bricelj and Lonsdale, 1997) . Lack of effects in vitro may be related to the length of exposure or to the season when animals were tested, since the gill of M. mercenaria is known to be more responsive to 5HT and DA application in the winter (Nov-Jun) than in the summer (Jul-Oct) (Gainey, 2007) . Although northern quahogs are likely to be more susceptible to brown tide in the winter, at this time of the year feeding and thus growth are severely suppressed due to low temperatures. This does, however, highlight the importance of assessing the impact of brown tide on bivalves on a seasonal basis and in increasingly warmer water scenarios.
Overall conclusions
In summary, this study shows for the first time the in vivo, time-dependent effects of bloom concentrations of A. anophagefferens (both toxic and nontoxic) on the gill function of adult M. mercenaria. Toxic brown tide not only affects the gill cilia, as indicated by decreased transport velocities and particle loading on the frontal surface and in the ventral margin, but also affects the gill musculature through stimulation of intermittent contractions. Both particle-approach velocities and VG-transport velocities were significantly reduced at a bloom density of 2 ϫ 10 6 cells ml -1 of a toxic A. anophagefferens strain, whereas only VG-transport velocities declined during late exposure at the lower concentration. The muscular effects, however, were evident in quahogs exposed to both densities tested, suggesting that the gill musculature may be more sensitive than the gill cilia to the effects of brown tide. Together these effects will lead to reduced feeding efficiency and, over time, may lead to starvation. The observed effects are unequivocally associated with the toxicity of algal cells, as exposure to nontoxic brown tide does not produce any of the above effects. These observations are consistent with the production of a toxic factor by A. anophagefferens that could be either dopamine-mimetic, as previously hypothe-sized, or both dopaminergic and serotonergic in nature. The adverse effects caused by brown tide are both density-and time-dependent, with the magnitude of the effect of A. anophagefferens on the gill becoming greater over shorter exposure times with increasing concentration. The earliest whole-animal responses were documented within 2 min, and were thus detected sooner than during exposure of excised gills (maximum reduction in lateral ciliary beat attained in 6 h) (Gainey and Shumway, 1991) .
